Abstract The Salton Trough in southeastern California, United States, has one of the highest seismicity and deformation rates in southern California, including 20 earthquakes M 6 or larger since 1892. From 1972 through 1987, the U.S. Geological Survey (USGS) measured a 41-station trilateration network in this region. We remeasured 37 of the USGS baselines using survey-mode Global Positioning System methods from 1995 through 1999. We estimate the Salton Trough deformation field over a nearly 30-year period through combined analysis of baseline length time series from these two datasets. Our primary result is that strain accumulation has been steady over our observation span, at a resolution of about 0.05 lstrain/yr at 95% confidence, with no evidence for significant long-term strain transients despite the occurrence of seven large regional earthquakes during our observation period. Similar to earlier studies, we find that the regional strain field is consistent with 0.5 ‫ע‬ 0.03 lstrain/yr total engineering shear strain along an axis oriented 311.6Њ ‫ע‬ 23Њ east of north, approximately parallel to the strike of the major regional faults, the San Andreas and San Jacinto (all uncertainties in the text and tables are standard deviations unless otherwise noted). We also find that (1) the shear strain rate near the San Jacinto fault is at least as high as it is near the San Andreas fault, (2) the areal dilatation near the southeastern Salton Sea is significant, and (3) one station near the southeastern Salton Sea moved anomalously during the period 1987. 95-1995.11.
Introduction
The Salton Trough is the landward extension of the Gulf of California, where the Pacific-North America plate boundary comes on land from the south (Fig. 1) . About 90% of the roughly 50 mm/yr relative plate motion across the boundary is taken up on the system of large northwesttrending right-lateral strike-slip faults in the region, including the Cerro Prieto and Imperial fault (IF) zones in the south, the Elsinore and San Jacinto fault (SJF) zones to the west, and the San Andreas fault (SAF) zone on the eastern boundary (Bennett et al., 1996) ; as a result, this region has one of the highest strain rates in the continental United States.
The Salton Trough also has one of the highest seismicity rates in California, including at least 16 M Ն6 events and at least 4 M Ն7 events since 1890 in an area of about 30,000 km 2 . In addition, trenching along the Indio segment of the SAF shows evidence of at least four large slip events between A.D. 1000 and 1700, giving an average recurrence time of approximately 220 years (Sieh, 1986) . This segment has not ruptured since approximately A.D. 1685, may have since built up a slip deficit of approximately 7-8 m, and, as noted by Bennett et al. (1996) , is thus potentially capable of a magnitude 7.5 event.
Given the unique geologic setting and high deformation and seismicity rates, the Salton Trough strain field has been the focus of many geodetic studies, including triangulation, trilateration, leveling, and Global Positioning System (GPS) measurements (e.g., King and Savage, 1983; Feigl et al., 1993; Johnson et al., 1994; Savage and Lisowski, 1995; Bennett et al., 1996) . In this article, we describe a study of more than 25 years of trilateration and survey-mode GPS measurements of a geodetic network in the central Salton Trough. We find no evidence for long-term strain-rate changes exceeding our resolution of 0.05 lstrain/yr (at 95% confidence) during our observation period. Consistent with earlier results, we also find that the spatial pattern and magnitude of strain in our study area largely match expectations E l s i n o r e F a u l t E l s i n o r e F a u l t S a n S a n J a c i n t o J a c i n t o F a u l t F a u l t I m p e r i a l F a u l t I m p e r i a l F a u l t S a n S a n A n d r e a s A n d r e a s F a u l t F a u l t E l s i n o r e F a u l t S a n (M Ͼ2.5, 1981-2002) from the catalog of Hauksson (2000) and the TriNet catalog. Mainshock focal mechanisms for the M w 6.6 1979 Imperial Valley (IV79) and M w 6.1 1992 Joshua Tree (JT92), M w 7.3 1992 Landers (LN92), and M w 6.5 1992 Big Bear (BB92) events are shown by the beach balls; heavy lines represent the fault planes used for dislocation modeling of coseismic offsets (see text). The heavy dashed box shows the region used in Figure 2 . The dotted line shows the United States-Mexico border, and San Diego, Palm Springs, and Brawley are shown for reference. from right-lateral strike slip along the SJF and SAF, with the exception of significant regional dilatation near the southeastern Salton Sea.
Data Used
From 1972 through 1987, the U.S. Geological Survey (USGS) made trilateration measurements (Savage and Prescott, 1973 ) of a 41-station network in the Salton Trough and surrounding mountains (King and Savage, 1983; Johnson et al., 1994; Savage and Lisowski, 1995) . They surveyed this network approximately annually, with more frequent observations following significant regional earthquakes. Their final measurements were shortly after the M w 6.6 24 November 1987 Superstition Hills mainshock.
From 1995 through 1999, we reoccupied 17 of the USGS stations using survey-mode GPS methods; Figure 2 and Table 1 give details on the subnetwork we reoccupied. Figure  3 shows the dates of our surveys and the observation duration on each day, coded by symbols as shown in the lower left corner. We used Trimble 4000 SST antennas and receivers at all stations during the 1995-1998 surveys, except that we used Trimble 4000 SSE equipment at Coach, Mecca, and Orocopia in 1997. We used Ashtech Z-12 receivers with 1995:041, 1995:042, 1996:095, 1997:211, 1997:211, 1997:252, 1997:253, 1997:297, 1998:037, 1998:038, 1998:043, 1999:048, and 1999 :049 (year:day of year).
Dorne-Margolin choke-ring antennas for the 1999 surveys at Salton and Old Beach. We processed our GPS data using the MIT GAMIT software (King, 1997 ) to determine baseline lengths and then combined these solutions using GLOBK to estimate baseline length time series. For the GLOBK processing, our surveymode site coordinates were unconstrained, and we combined these with tightly constrained coordinates for continuous GPS stations Blythe, Durmid Hill, Monument Peak, and Piñon Flat 1 from the Southern California Integrated GPS Network (Hudnut et al., 2002) ; we did not estimate station velocities, because we combined data from surveys close in time. Savage and Prescott (1973) described the techniques used in collecting and analyzing, and measurement accuracy of, the trilateration data. They showed that trilateration data errors can be well represented by
where r 2 is the variance of the line length, a is a constant term describing the absolute precision of the technique, b is a length-proportional error term, and L is baseline length. Johnson et al. (1994) found the best values for a and b in southern California to be 3.8 mm and 0.16 ppm, respectively, and we use these values in our work. For the GPS data, our GAMIT/GLOBK processing returns formal estimates of the uncertainty in baseline length, but these generally underestimate the true variability in the time series, typically by a factor of 2-3 (Anderson, 1999) . We thus multiply the GAMIT/GLOBK formal errors by 3 to more accurately reflect the true uncertainty in our GPS data and use those scaled errors in our study.
Time Series Modeling
We combine the GPS and trilateration time series for each baseline (Fig. 4) to determine rates of change for each baseline's length, which we will later convert to baseline strain rate. In doing so, we account for possible systematic length biases between the trilateration and GPS data using the correction of Savage et al. (1996) . They studied length All models have single rate and intercept in addition to specified offsets. 1995.0 offset applies only to ALSA baselines and accounts for anomalous motion of ALSA (see Appendix B). Fitted offsets are estimated from data, a priori using dislocation models in Table 3. estimates from contemporaneous trilateration and GPS observations of 84 baselines in California and found that their trilateration-estimated baseline lengths were systematically 0.283 ‫ע‬ 0.100 ppm longer than their GPS estimates. Accordingly, we shortened the trilateration baseline lengths by 0.283 ppm before combining them with our GPS measurements; the corrections ranged from 2.7 to 9.6 mm for our baseline lengths of 9.4-33.8 km.
To estimate the baseline length change rate for each combined baseline time series, we fit three model types to each series (see Table 2 ). For model 1, we simultaneously estimate from the data a single rate and coseismic offsets for Wald and Heaton (1994) We combine the ER87 and SH87 offsets into one offset (ES87) and JT92, LN92, and BB92 into one offset (JLB92) because our temporal sampling does not allow us to resolve individual offsets. the 1981 Westmorland and 1987 Elmore Ranch and Superstition Hills mainshocks (with the latter two being combined into one offset because our temporal resolution does not allow us to treat them independently). For model 2, we simultaneously estimate from the baseline series the same parameters as well as coseismic offsets for the 1979 Imperial Valley earthquake and 1992 Joshua Tree, Landers, and Big Bear events (with the 1992 events again treated as a single offset due to temporal resolution constraints). For model 3, we compute coseismic offsets for all these events from a priori mainshock dislocation models (see Table 3 ), remove these from the data, and then estimate the best-fit single rate. All our models are limited to a single rate for two reasons:
(1) our temporal resolution limits our ability to resolve shortterm periodic signals, and (2) if we can fit the data with only a single rate, there is no need to invoke long-term rate changes.
Applying these models systematically to all 37 baselines, we find that all but five baselines can be fit adequately at the 95% level by model 1; none of the other models fit all these 32 baselines. Figure 5a shows a typical baseline dataset with the best-fit models shown as lines; residuals for these models are shown in Figure 5b -d. As in all figures, the error bars shown are 95% confidence; all data value uncertainties given in the text and tables are standard deviations. In this case, all sets of residuals are compatible with zero, indicating a good fit, and all three models fit equally well.
None of our models fit at 95% confidence the five remaining baselines, which all involve ALSA and show anomalous deformation that we believe is caused by motion of ALSA between 1987.95 and 1995.11 (Appendix B) . We therefore modify model 1 for these five baselines by allowing for an extra offset at 1995.0 to estimate the amount of anomalous motion required. Model 2 cannot be modified to fit the ALSA baselines, as we have insufficient data to constrain both the combined coseismic offset from the 1992 Joshua Tree, Landers, and Big Bear events (JLB92) and 1995.0 offsets. Model 3 requires a priori offsets, so we apply the best-fit extra offset from model 1 as an a priori constraint. Note that we are not suggesting that all anomalous motion occurred in a single event; by fitting the extra offset, we are only attempting to determine the total amount of anomalous motion, not how or when it occurred. Figure 6 shows the ALSA-OBCH baseline time series and best-fit model 1 as an example of the discrepancies observed in these data.
Model 1 alone fits all baselines at 95% confidence, with the addition of the extra offset for the ALSA baselines. In every case where model 1 and another model fit the data acceptably, using the F test to compare the model fits shows that model 1 is no worse than the other model. Model 1 also has the fewest free parameters, as it only requires two offsets instead of four; we allow only two offsets in this model because the WM81 and ES87 offsets are the only coseismic offsets required by all baselines, and adding more offsets does not improve the fit significantly. We therefore prefer model 1, and the results shown in the rest of this article are generated from model 1.
Results and Discussion Table 4 shows for each baseline the model 1 best-fit parameters, and Figure 7 shows the strain rates from Table  4 as a map with the network baselines coded by strain rate. We use the baseline strain rates to estimate the horizontal strain-rate tensors for all four-station subnetworks in our network, averaged over the 10-to 30-km width of the subnetworks. We find all baselines observed between the four stations that make up each subnetwork and combine the strain rates for those baselines using the method of Johnson et al. (1994) to estimate the average horizontal strain-rate tensor for each subnetwork. We then compute the principal strain rates and axes for each tensor ( E available as Table 5 online at the SSA web site) and decompose each tensor into the maximum right-lateral engineering shear strain rate ( , alsȯ c called the total shear strain rate), azimuth across which the maximum is attained (␣ ), and dilatation rate ( ) for eacḣ Ḋ c subnetwork (Fig. 8) . ( E Dilatation and shear strain rates available in Table 6 online at the SSA web site.) Our principal conclusion is that strain accumulation rates in the Salton Trough are very stable over time; we base this on two primary observations. First, all our baseline time SALT-SODA Baseline Models series can be fit well by a model with linear strain accumulation in time punctuated by coseismic offsets. Any temporal strain transients must therefore be below our strainrate uncertainties, and a good upper bound is given by our median 95% uncertainty of 0.046 lstrain/yr. Second, our median for the Salton network as a whole (0.48 ‫ע‬ 0.15 c lstrain/yr along an azimuth of 311.6Њ ‫ע‬ 23Њ east of north) is consistent with the average of 0.35 lstrain/yr along ȧ c 319Њ azimuth found by Johnson et al. (1994) . Our compatibility with previous analyses, even though we now span roughly twice as much time, argues for consistent strain accumulation in the Salton Trough. Further support for constant strain accumulation comes from the work of Savage (1995) , who used principal component analysis to decompose the trilateration data and found that the Salton network data were well explained by steady, linear strain accumulation. While we cannot rule out the possibility of strain transients with either much shorter (such as the groundwater- Figure 5 . Note the additional offset at 1995.0 to account for anomalous motion of ALSA; in this case, the discrepancy between the expected value from trilateration and observed GPS measurement is 37.7 ‫ע‬ 6.8 mm. Note that, with the addition of this offset, model 1 fits the data well, while model 3 does not. (b-c) Residuals (in millimeters) for models 1 and 3, as in Figure 5 . Note that all residuals are compatible with zero misfit once the additional offset is added.
related signals seen by Bawden et al. [2001] ) or much longer periods (e.g., very long term postseismic deformation), our results indicate that during our observation span, any fluctuations in strain accumulation rate for the Salton Trough must be less than about 50 nanostrain/yr over periods from about a year to a few decades. We also find that overall, the Salton Trough strain field is consistent with expectations in a region of primarily northwest-southeast-trending right-lateral strike-slip faults: baselines oriented north-south show compression, and east-west baselines show extension (Fig. 7) . Those baselines farthest from the major faults show the least strain; BEAL-SALV, COOL-PALM, ELPH-FIPK, and WILN-YAKM all show insignificant strain rates. Figure 8a shows, for each subnetwork, and ␣ as bars oriented parallel to ␣ and scaled bẏ cċċ as shown in the upper left; and ␣ are coherent from onė cċċ subnetwork to the next, showing the redundancy in the network and indicating coherency in the regional strain field itself. Also, ␣ in any given area is nearly parallel to thė c strike of the nearest major fault, as appropriate, and rotates smoothly from one orientation to the next. Finally, the median for the network as a whole is insignificant at 0.07 ‫ע‬ D 0.08 lstrain/yr, with scattered subnetworks showing significant ; most of these subnetworks involve the station SODA, D perhaps indicating inaccuracies in our corrections for damage to that station (Appendix A).
There are two main departures from this expected picture, both of which have been observed by previous workers. As shown in Figure 8b ,d, and as discussed in Johnson et al. (1994) , the region near the southeastern Salton Sea is undergoing areal dilatation, at a median rate (across the five southeasternmost subnetworks) of 0.18 ‫ע‬ 0.04 lstrain/yr. Johnson et al. (1994) suggested two main models to explain this dilatation: an oblique spreading center beneath the Table 4 is available online at the SSA website.)
Brawley Seismic Zone and a leaky transform connecting the IF and SAF through the Brawley Seismic Zone. While neither model adequately explained all the trilateration data, Johnson et al. (1994) preferred the oblique spreading center model. Consistent with studies by Johnson et al. (1994) and Bennett et al. (1996) , we also find that is higher near thė c SJF than near the SAF; this is most easily seen as the decrease from southwest (near the SJF) to northeast (near the SAF) in the network-crossing profile of shown in Figure 8c . Thiṡ c strain gradient could be caused by a number of effects. First, the subnetworks near the SAF are generally larger, which might bias the average rates to lower values; however, Johnson et al. (1994) showed that the network geometry alone could not be responsible. Also, perhaps there is ongoing postseismic relaxation after the 1968 M 6.5 Borrego Mountain earthquake, which occurred close to the west side of the Salton network. We discount this possibility since no baselines show anything but steady strain accumulation and because no earthquakes in the Salton Trough during our observation span exhibit significant postseismic transients.
If strain in the Salton Trough is primarily caused by steady slip along the SJF and SAF below some depth (the locking depth), the higher rates near the SJF imply either a shallower locking depth or a higher rate of slip for the SJF compared with the SAF. A commonly used proxy for the locking depth is the depth of seismicity. In the polygon bounded by BLUF, PALM, COOL, SODA, FIPK, ELPH, and YAKM, 90% of the approximately 5000 earthquakes relocated by Richards-Dinger and Shearer (2000) occurred at depths shallower than 12 km. There are many fewer earthquakes along the southern SAF, so to define this seismicity we used a polygon consisting of OROC, COCG, a point 10 km southwest of SALT, and a point 10 km west of MECC, which excludes the northernmost Brawley Seismic Zone. There are only 220 earthquakes in the catalog inside this region, and 90% of them are shallower than 8 km, implying a shallower locking depth on the SAF. We therefore believe that the higher strain rate is caused by a higher slip rate at depth along the SJF than along the SAF; this conclusion is somewhat controversial, but it is supported by additional evidence. First, Johnson (1993) used extremal methods to invert trilateration data spanning the Elsinore fault, SJF, and SAF for self-consistent bounds on slip rates along those faults and showed that the SJF and SAF slip rate bounds were 7-25 and 11-23 mm/yr, respectively, allowing a faster SJF slip rate. It is important to note, however, that the block model analysis by Bennett et al. (1996) of survey-mode GPS data in this region gives slip rates of 26 ‫ע‬ 2 and 9 ‫ע‬ 2 mm/yr on the SAF and SJF, respectively. Recent geologic work also supports comparable or higher slip rates along the SJF relative to the SAF. Rockwell et al. (1990) found a slip rate of 6-23 mm/yr (preferred range: 12-13 mm/yr) along the Anza segment of the SJF, while work by Brown (1990) gave an estimate of 10-17 mm/yr, and Kendrick et al. (2002) argued for Ն20 mm/yr along the northern SJF. Dorsey (2003) has improved the Keller et al. (1982) alluvial fan offset measurements and gave a new SAF slip rate estimate of 15 ‫ע‬ 3 mm/yr, which is in good agreement with the 6-12 mm/yr rate determined by Sieh and Williams (1990) near Salt Creek. A reasonable range of geologic slip rate estimates is thus 15-20 mm/yr for the SJF and about 15 mm/yr for the SAF, and the Johnson (1993) work allows for a faster SJF, so it is at least plausible that the current slip rate at depth along the SJF is comparable to or faster than that along the SAF. A more definitive result may be possible from a future analysis of all the data (trilateration and independent GPS) collected in this region, which is in the process of being assembled by the Southern California Earthquake Center.
Conclusions
We have combined trilateration and survey-mode GPS observations of a 17-station network in the Salton Trough to study deformation of that region. We find that our data are fit well by linear strain accumulation, punctuated by coseismic offsets at the times of the 1981 Westmorland and 1987 Elmore Ranch and Superstition Hills mainshocks. There is no evidence for significant long-term strain transients at a resolution of about 0.05 lstrain/yr, even though seven significant regional earthquakes occurred during our observation span. The overall strain field is well represented by about 0.5 ‫ע‬ 0.03 lstrain/yr of total engineering shear strain along an orientation 311.6Њ ‫ע‬ 23Њ east of north, approximately parallel to the strike of the SAF and SJF, the major faults crossed by our network.
We also find that the shear strain rate near the SJF is at least as high as that along the SAF, which we believe is caused by a higher slip rate at depth along the SJF. Perhaps due to a spreading center or leaky transform fault beneath the Brawley Seismic Zone, we find 0.18 ‫ע‬ 0.04 lstrain/yr of areal dilatation near the southeastern Salton Sea. Finally, ALSA, a station located near the southeastern Salton Sea, moved anomalously 35.6 ‫ע‬ 8.1 mm to the west-southwest during the period 1987. 95-1995.11 , most likely in response to nearby geothermal power production.
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Appendix A Disturbed Benchmarks
Two of the marks we reoccupied had changed significantly between the time of the last trilateration observation and our GPS surveys. BLUFF NO 1 1939 (bluff_rm1 for trilateration measurements; our code BLUF), the site used for trilateration measurements, was damaged. Our GPS observations were at the mark SDGPS 09 RM 1 (SD91) set by San Diego County in 1991 in an existing piece of concrete. We made GPS ties in 1997 between the original mark, BLFO, and the azimuth mark BLFA and between SD91 and its main mark, SD09. In 1995 the USGS made a GPS tie between BLFA and SD09. Combining all these, we get a horizontal distance of 28.444 m from BLFO to SD91 (total distance 28.477 m) in azimuth 10.79Њ. The National Geodetic Survey (NGS) taped distance from BLFO to BLUF was 28.466 m in azimuth 10.80Њ. SD91 was clearly set in the BLUF monument; field examination suggests that SD91 was in the same horizontal location as BLUF to within a few millimeters.
SODA was set in a 10-cm-diameter concrete-filled iron pipe that projected about 20 cm above the ground, which we found broken at ground level when we originally reoccupied the site in 1997; we therefore observed at SODA NO 2 1939 (SOD2). On 1997:252, we reset SODA's broken pipe to its original position and simultaneously observed at SODA and SOD2 to make an eccentric correction from SOD2 to SODA. We compared the original SODA-SOD2 horizontal distance and azimuth from the NGS datasheet for SODA to our GPSderived values and found no significant difference, but given the residual dilatation for subnetworks involving SODA (seen in Fig. 8c ), we may have small errors in our eccentric corrections due to uncorrected deformation of SODA's pipe.
Appendix B
Anomalous Motion of ALSA None of our models fit at 95% confidence the combined trilateration/GPS data for the five baselines to ALSA (ALSA-COCG, ALSA-OBCH, ALSA-SALT, ALSA-SALV, and ALSA-SODA). Since none of the other measurements into COCG, OBCH, SALT, SALV, and SODA show any departure from steady motion, we believe that the explanation is movement of ALSA between 1987.95 and 1995.11 .
If 
where ␣ i is the azimuth for baseline i. Using this equation and the observed offsets on the five ALSA baselines, we find a least-squares best-fit motion of ALSA of 35.6 ‫ע‬ 8.1 mm along an azimuth of 253.8Њ ‫ע‬ 9.5Њ; we show this motion and the individual baseline vector offsets in Figure B1a . Figure B1b shows the expected offset from equation B1 as a function of azimuth (solid line with 95% confidence limits), which matches the observed offsets (shown as circles) well, supporting our assumption that ALSA moved anomalously. Additionally, we compared GPS ties between ALSA and its three nearby reference marks (RMs) (see Table 1 ) to mea- surements made when the RMs were set, and we conclude that ALSA has remained stable (at Յ5 mm) relative to the RMs, indicating that a larger area than ALSA alone moved anomalously. We believe this motion reflects deformation caused by nearby geothermal power production. Production at the Salton Sea geothermal field began in 1982, and in 1990 it was increased by a factor of 20; also, the production wells are located within 4 km of ALSA and to its south and southwest. The timing of production and expected direction of surface motion due to subsidence from it are consistent with ALSA's anomalous motion.
